Background: Mammographic density defined by the conventional pixel brightness threshold, and adjusted for age and body mass index (BMI), is a well-established risk factor for breast cancer. We asked if higher thresholds better separate women with and without breast cancer. Methods: We studied Australian women, 354 with breast cancer over-sampled for earlyonset and family history, and 944 unaffected controls frequency-matched for age at mammogram. We measured mammographic dense area and percent density using the CUMULUS software at the conventional threshold, which we call Cumulus, and at two increasingly higher thresholds, which we call Altocumulus and Cirrocumulus, respectively. All measures were Box-Cox transformed and adjusted for age and BMI. We estimated the odds per adjusted standard deviation (OPERA) using logistic regression and the area under the receiver operating characteristic curve (AUC). Results: Altocumulus and Cirrocumulus were correlated with Cumulus (r 0.8 and 0.6, respectively). For dense area, the OPERA was 1.62, 1.74 and 1.73 for Cumulus, Altocumulus and Cirrocumulus, respectively (all P < 0.001). After adjusting for Altocumulus and Cirrocumulus, Cumulus was not significant (P > 0.6). The OPERAs for
Introduction
Mammographic density has been conventionally defined as the area of white or bright areas on a mammogram, and as such is a subjective concept.
1,2 The current gold-standard measure is derived by using the CUMULUS software and a computer-assisted thresholding method, in which the observer selects a pixel brightness threshold to define the dense area for each mammogram. [1] [2] [3] In establishing the evidence for mammographic density as a risk factor for breast cancer, considerable and warranted care has been taken to ensure that observers measure density in a similar and repeatable way. [2] [3] [4] [5] New observers have been trained to ensure comparability and repeatability with previous observers, to measure what has historically been referred to as the mammographically dense regions of the breast. Multiple studies have shown that, after adjusting for age and body mass index (BMI), this measure of mammographic density predicts breast cancer risk. [6] [7] [8] [9] [10] [11] It is important to adjust for age and BMI because mammographic density decreases with both increasing age and increasing BMI, whereas breast cancer risk increases with these factors. We asked if selecting pixel brightness thresholds of higher intensity better separates women with and without breast cancer. We did this by measuring mammographic density at three different thresholds: one based on the conventional approach, which we call Cumulus, and two based on successively higher thresholds. We call the latter two measures Altocumulus, when using a threshold of one level higher intensity, and Cirrocumulus when using a threshold of two levels higher intensity. 12 We estimated and compared risk gradients on the scale of odds ratio per adjusted standard deviation (OPERA) 13 and by the area under the receiver operating characteristic curve (AUC). When we did this previously using digital mammograms and Korean women, we found that the transformed and adjusted Altocumulus measure gave the strongest risk prediction. But given that almost all the world's evidence for the conventional mammographic density measure to be associated with risk of breast cancer comes from non-digital mammograms of Western women, it is essential that we try to replicate our findings in such a setting. In this paper we have done so using a case-control study of Australian women across a wide range of ages.
Methods

Sample
We studied 354 women with breast cancer (cases) oversampled for early-onset disease or having a family history of breast cancer, and 944 women without breast cancer (controls), frequency-matched for age at mammogram in 5-year age groups. For the affected women, we used mammograms taken before diagnosis (by on average 4 years) for 32%, and for the other affected women we used the mammogram from the opposite side to that in which the cancer was diagnosed. For the unaffected women, we studied the mammogram of a randomly chosen breast.
These women were selected from the Australian Breast Cancer Family Registry (ABCFR; 254 cases and 194 controls) and the Australian Mammographic Density Twins and Sisters Study (AMDTSS; 100 cases and 750 controls).
The ABCFR consists of families, a large proportion selected through women diagnosed with breast cancer of whom more than half were diagnosed before age 40 years. 14 14 For all participants in this study we obtained at least one mammogram. For affected women, the mammograms we used were those taken at or before diagnosis. All participants gave informed consent. The study was approved by the human research ethics committees of the University of Melbourne and the Cancer Councils of Victoria and of New South Wales.
Measurement of mammographic density
Mammograms were retrieved from BreastScreen services across Australia, from screening clinics and from the women themselves. All mammograms were analog and were digitized (using 12-bit depth) by the Australian Mammographic Density Research Facility.
The CUMULUS software and a computer-assisted thresholding method were used to measure mammographic density. The observer selects pixel brightness thresholds using a sliding scale (ranged 0-4095) and the program draws a line around the regions on the digitized image for which the pixel density is above that threshold. For each mammogram, the observer first chooses a threshold to define the outer extent of the breast image. The observer then chooses a threshold to select the regions which he or she considers to be mammographically dense. The area within these region is called the dense area, and percent density is the dense area divided by the total breast area, multiplied by 100.
Four observers (T.L.N., Y.K.A., C.E., J.S.) independently measured mammographic density, blind to case-control status. First, C.E. and J.S. measured mammographic density using the conventional threshold. 20, 21 We call the average of measures taken using this approach Cumulus. The other two observers were trained to measure mammographic density at higher brightness thresholds and therefore in effect defined mammographic density at a higher threshold, as in Nguyen et al. (2015) . 12 Y.K.A. consistently measured using one level higher intensity based on what were considered to be the bright, as distinct from white, areas. We call this measure Altocumulus. T.L.N. measured using an even higher level of intensity based on what were considered to be the brightest regions. We call this measure Cirrocumulus. These new measures define mammographic density at successively higher pixel brightness thresholds. Figure 1 shows an example of Cumulus, Altocumulus and Cirrocumulus measures from the same mammogram. In the left-hand panel, the white or bright areas are chosen and outlined to give the Cumulus measure. In the centre panel, the bright areas are chosen and outlined within the white or bright area of the left-hand panel to give the Altocumulus measure. In the right-hand panel, the very bright areas are chosen within the bright areas of the centre panel to give the Cirrocumulus measure.
Repeatability was assessed, as in previous studies, by performing the measurements in sets of 100 mammograms with the same case-control ratio and including 10% repeat samples in each set. Observers were blinded to case-control status and blinded to any previous measures. The intraclass correlation coefficient was 0.99 and 0.93 for the transformed and adjusted Altocumulus and Cirrocumulus measures of dense areas, respectively. We also had two readers (T.L.N. and C.E.) measure the same 200 images for each of Cumulus, Altocumulus and Cirrocumulus. The correlation between the two readers was 0.95, 0.89 and 0.85 for dense areas, respectively.
Statistical methods
Logistic regression was used to estimate the associations between the mammographic density measures and breast cancer risk, adjusting for covariates. Each density measure was transformed using the Box-Cox power transformation to have an approximately normal distribution. 22 The appropriate transformations were cube-root for the Cumulus measures and logarithm for both the Altocumulus and Cirrocumulus measures. For each fitted model, the means of the transformed measures were adjusted for age and BMI to derive the standard deviation of the residuals. From this we estimated the odds ratio per adjusted standard deviation (OPERA), 13 and used maximum likelihood theory to determine the weighted combination of transformed, standardized and age-and BMI-adjusted measures that best predicted risk; see Appendix (available as Supplementary data at IJE online). The area under the receiver operating characteristic curve (AUC) was also estimated. All statistical analyses were conducted using the software package Stata. 23 Following convention, P < 0.05 was considered to be statistically significant. Table 1 shows that cases did not differ from controls by more than 20% in terms of BMI or the other covariates. About 30% of cases and controls had a first-degree relative with breast cancer. Table 1 shows that for cases and controls, compared with the Cumulus measures, the corresponding Altocumulus measures of dense area and percent density were about 20% less, and the corresponding Cirrocumulus measures were substantially smaller. The mean pixel thresholds (standard deviation) were 2599 (333), 2680 (284) and 2990 (286) for Cumulus, Altocumulus and Cirrocumulus measures, respectively, therefore being 3% and 15% higher for Altocumulus and Cirrocumulus, respectively, compared with Cumulus. After transforming and adjusting, the correlations between dense area and percent density measures were 0.90, 0.85 and 0.95 for Cumulus, Altocumulus and Cirrocumulus, respectively. The correlations were between Cumulus and Altocumulus measures was 0.78 for dense area and 0.81 for percent density. The corresponding correlations between Cumulus and Cirrocumulus measures were 0.64 and 0.58, respectively, and the corresponding correlations between Altocumulus and Cirrocumulus measures were 0.54 and 0.50, respectively. Table 1 also shows that all mammographic density measures and density thresholds were higher for cases than for controls (all P < 0.001). Table 2 shows that there were substantive risk associations for all three transformed and adjusted mammographic density measures (all P < 0.001). (These estimates changed by at most 3% on the log odds scale after adjustment for other potential confounders; data not shown). The OPERAs for both dense area and percent density were in general greater for the Altocumulus and Cirrocumulus measures than for the Cumulus measures. The OPERAs for the dense area measures were also greater than the OPERAs for the percent density measures. Table 3 shows that, for dense area, when the different measures were fitted together the risk associations for the Altocumulus and Cirrocumulus measures were little changed and always remained statistically significant, but the risk associations for the Cumulus measures were typically no longer significant. Figure 2 illustrates this confounding. It shows that, within every quartile of the Altocumulus measure, the risk associations did not increase substantially or consistently across quartiles of the Cumulus measure. On the other hand, for every quartile of the Cumulus measure, the risk associations increased substantially across quartiles of the Altocumulus measure. The OPERAs for the Altocumulus and Cirrocumulus measures, when fitted together, were similar. Before or after excluding the Cumulus measures, the Altocumulus and Cirrocumulus measures had about the same risk association, as measured by OPERA. When weighted linear combinations of these two measures were considered, the maximum likelihood estimate of the weight was 0.5 [90% confidence interval (CI): 0.3-0.7]. When the average of the two transformed, adjusted and standardized measures was fitted, the OPERA was 1.87 (95% CI: 1.64-2.14). The AUC was 0.68 (95% CI: 0.65-0.71), compared with 0.64 (95% CI: 0.60-0.67) when the Cumulus risk measure was fitted on its own (P ¼ 0.0001).
Results
Similar conclusions arose from considering the percent density associations, in that the best fitting model involved the average of the two transformed, adjusted and standardized measures. In particular, for the best fitting model the OPERA was 1.64 (95% CI: 1.43-1.87) and the AUC was 0.64 (95% CI: 0.61-0.67).
Discussion
This study has found that, by in effect defining mammographic density at higher pixel brightness thresholds than have traditionally been used, greater separation between women with and without breast cancer can be achieved. We studied two new measures based on different thresholds for defining mammographic density which, for the purposes of this paper, we call Altocumulus and Cirrocumulus. For Altocumulus, we defined the mammographically dense regions as being bright, rather than just white, and therefore at a higher level of pixel brightness threshold than has been conventionally used. For Cirrocumulus, we defined the mammographically dense regions as being the brightest regions, another level higher. When considered as risk factors, mammographic density measures are adjusted for age and BMI, so we used the OPERA concept which adjusts for these factors to compare the relative strengths of the risk factor associations on the same scale. Both Altocumulus and Cirrocumulus risk measures (i.e. transformed, adjusted for age and BMI and standardised) separated cases from controls better than the Cumulus measure, despite these three measures being moderately correlated with one another. Given that the difference between the means of the upper and lower quartiles of a normal distribution is 2.54 standard deviations, the estimated OPERA risk gradients for the adjusted prediction mean of the Altocumulus and Cirrocumulus risk measures were equivalent to an interquartile risk ratio of 1.87 2.54 ¼ 4.9 (95% CI:
3.5-6.9) for dense area and 1.64 2.54 ¼ 3.5 (95% CI: 2.5-4.9) for percent density. These were more than the corresponding equivalent interquartile risk ratio estimates based on the Most importantly, when the different density measures were fitted together, there was no evidence that the conventional measure added information on risk. That is, the information on risk comes from the amount or percent of breast tissue above the higher thresholds. There was no evidence that the white but not bright areas of the breast are associated with risk of breast cancer, though they might well be associated with risk of masking of breast cancers.
Our finding that measuring density at higher pixel brightness thresholds captures considerably more riskpredicting information than measuring at the usual threshold is important for several reasons. First, the mammographically denser regions might be more aetiologically important for breast cancer than the regions currently being studied. The relevant tissues and biological processes involved in explaining why mammographic density is a risk factor for breast cancer are more likely to be in the higher density areas of the breast. If confirmed, this is a critical observation for molecular, genetic and other studies trying to determine the underlying biological processes behind this phenomenon. 24 It is also important for research and translation on the prospect of using mammographic density to better predict women as candidates for interventions or targeted screening. Second, on the basis of this study, the Altocumulus and Cirrocumulus measures would be among the strongest known risk factors for breast cancer when viewed from a population, as distinct from an individual, perspective. OPERA is an omnibus measure of the strength of a risk factor that is similar to the change in AUC. OPERA has the advantage of explicitly taking into account other risk factors, and therefore being independent across measures. The OPERA we estimated here of 2.0 for the combination of Altocumulus and Cirrocumulus measures is greater than the OPERA of 1.55 for the current common genetic markers recently found to be associated with risk. 25 The OPERA for rare mutations in BRCA1 and BRCA2, combined, is about 1.2. 13 Therefore, these new mammographic density measures might do at least as well in predicting risk on a population basis as all the genetic risk factors identified in the past two decades. Third, these new measures substantially reclassify women in terms of risk. For the sake of argument, suppose that women in the top quartile of the transformed and adjusted Cumulus measure are designated as 'high-risk' (this is about the proportion of women designated as such using BI-RADS). The risk gradient for the average of the transformed and adjusted Altocumulus and Cirrocumulus measures is 30% steeper, so the absolute risk for women in the upper quartile of the Cumulus measure will be about the same as for those in the top tertile of the combined Altocumulus/Cirrocumulus risk measure. Using the 944 controls, we tabulated the quartiles of Cumulus risk score against the tertiles of the Altocumulus/Cirrocumulus risk measure. There were 314 'high-risk' women in the upper categories than would be maintained in the high-risk category. This is of substantial clinical relevance.
Possible strengths of this study are that we studied cases across a wide range of age at diagnosis and included a larger proportion diagnosed at a younger age than most studies of mammographic density, which are usually based on women attending screening programmes (55% of our cases were under the age of 50 years at diagnosis). We also, in effect, frequency-matched cases and controls on family history, and had deliberately over-sampled for subjects for whom a higher proportion than otherwise had a first-degree relative with breast cancer ( 30%). The referent Cumulus measures were taken by multiple experienced trained observers, and the resulting risk gradient estimates were if anything better than found from other studies. Given that epidemiological studies make inference about risk associations for unaffected individuals (i.e. the population from which the controls had been sampled), we have found that these new mammographic density measures are potentially strong risk factors for younger as well as older women, and for women with a family history.
One of the potential weaknesses of this study, as with all studies that have used the CUMULUS software to study conventionally-defined mammographic density, is that the new measures are observer dependent. But, as with the traditional Cumulus measure, the Altocumulus and Cirrocumulus measures have high repeatability and the trained observers were blind to case-control status. We also demonstrated that there were strong correlations across two observers measuring the same concept.
We are not trying to conclude from this study alone what the optimal definition of density is for risk prediction, but we have made the observation that by going to higher pixel brightness thresholds, better risk prediction can be achieved. There must be an optimal pixel brightness threshold, at least for a given population measured on a given machine, and this study suggests that it is at a higher level than has been conventionally used in the literature.
We are not in a position to speculate about what the differences between the white and brighter areas are, at least not in terms of tissue composition for which studies other than observational epidemiological designs are needed. We do, however, believe that this is an important observation that should inspire and inform biological studies of the causes and mechanisms.
Our finding obviously needs to be tested by others and in other settings. We have been measuring mammographic density across different thresholds in different populations to try to clarify what might be the best mammographic density predictors of risk. Despite the measurement issues also implicit in previous mammographic density research, we are finding a stronger risk prediction gradient for the new measures and little or no residual impact of the conventional measure. If our conjecture is true, and if measurement error could be reduced by, for example, measuring all three measurements on the same mammogram at the same time, we would expect the risk gradient to be even steeper. We have already found that Altocumulus and Cirrocumulus measures are better predictors than Cumulus measures for Korean women, using full-field digital mammograms. 12 We are also measuring the familial aggregation of Altocumulus and Cirrocumulus measures using twin and family studies, as we have done for Cumulus, 17, 18, 20 and studying their associations with genetic variants known to be associated with breast cancer risk as has been done for the Cumulus measures. 26 In conclusion, this case-control study of women oversampled for early onset and having a family history of breast cancer, has found that the new definitions of mammographic density at higher pixel brightness thresholds are associated with almost 30% stronger breast cancer risk gradient than the conventional measure of mammographic density. They also explain the risk association of the conventional measure. This suggests that the mammographically denser (brighter) regions might be more aetiologically important for breast cancer, with substantial implications for biological, molecular, genetic and epidemiological research and clinical translation. Our findings are now relevant not only to digital mammography and Korean women, but also to the decades of mammographic density research on Western women using non-digital mammography. 
